The concept that excess superoxide production from mitochondria is the driving, initial cellular response underlying diabetes complications has been held for the past decade. However, results of antioxidant-based trials have been largely negative. In the present review, the data supporting mitochondrial superoxide as a driving force for diabetic kidney, nerve, heart, and retinal complications are reexamined, and a new concept for diabetes complications-mitochondrial hormesis-is presented. In this view, production of mitochondrial superoxide can be an indicator of healthy mitochondria and physiologic oxidative phosphorylation. Recent data suggest that in response to excess glucose exposure or nutrient stress, there is a reduction of mitochondrial superoxide, oxidative phosphorylation, and mitochondrial ATP generation in several target tissues of diabetes complications. Persistent reduction of mitochondrial oxidative phosphorylation complex activity is associated with the release of oxidants from nonmitochondrial sources and release of proinflammatory and profibrotic cytokines, and a manifestation of organ dysfunction. Restoration of mitochondrial function and superoxide production via activation of AMPK has now been associated with improvement in markers of renal, cardiovascular, and neuronal dysfunction with diabetes. With this Perspective, approaches that stimulate AMPK and PGC1a via exercise, caloric restriction, and medications result in stimulation of mitochondrial oxidative phosphorylation activity, restore physiologic mitochondrial superoxide production, and promote organ healing.
Diabetes is expected to grow two-to fivefold in many countries, including the U.S., China, and India, in the next 20 years (1) . The diagnosis of diabetes itself modestly increases the risk of mortality; however, the renal complications of diabetes may be major drivers of the increased cardiovascular morbidity and mortality associated with diabetes (2) . Diabetes is a leading cause of renal failure, blindness, heart disease, and limb amputations in adults (http://diabetes.niddk.nih.gov/statistics/index.aspx) (3) (4) (5) . With the increasing prevalence of diabetes, the overall burden attributed to end-stage renal disease with diabetes has dramatically increased, and reports of increasing incidence of type 2 diabetes in adolescents will result in a further overall increase in diabetes complications and kidney disease (6) .
To combat the complications of diabetes, several large trials in the past 5 years have targeted the commonly accepted risk factors, including hyperglycemia, hypertension, and hyperlipidemia. Unfortunately, none of these trials have successfully reduced the primary end point of cardiovascular morbidity and mortality (7, 8) . It is therefore clear that novel approaches are urgently needed.
The developments of new treatments have largely been guided by the concept that oxidative stress, primarily driven by mitochondrial superoxide, underlies diabetes complications (9, 10 ). An enhanced mitochondrial source of superoxide as a driving force for diabetes complications has been considered as a unifying theory and widely accepted, despite inconclusive support from clinical trials. Recent meta-analyses of randomized clinical trials failed to show benefit of several antioxidants in cardiovascular disease outcomes (11) . Of note, a recent phase III study targeting diabetic nephropathy with a potent oral antioxidant, bardoxolone methyl, led to an increase in hypertension, albuminuria, and heart failure in patients with advanced diabetic nephropathy (12) .
In the present review, supportive evidence and opposing ideas to the theory of excess mitochondrial superoxide will be discussed. A concept termed "mitochondrial hormesis" will be presented as a new way to understand diabetes complications, primarily diabetic kidney disease, and possibly nerve and cardiac complications of diabetes. Mitochondrial hormesis is consistent with the concept that improved mitochondrial function is associated with "normal" or a slightly increased production of superoxide and suggests a new path forward to reduce organ dysfunction with diabetes.
ARE REACTIVE OXYGEN SPECIES MAJOR CONTRIBUTORS TO ORGAN DYSFUNCTION IN AGING?
The idea that reactive oxygen species (ROS) contribute to chronic organ damage was attributed to Harman (13) in 1956 and was termed the free radical theory of aging (FRTA). The FRTA was initially based on the recognition that external radiation can be attributed to free radical production and that cell survival can be improved with antioxidants (13) . With the discovery of superoxide dismutases (SODs) and the recognition that mitochondria produces hydrogen peroxide (H 2 O 2 ), the initial FRTA was modified in 1972 to include the role of mitochondrial oxidant production as a source of free radical production that led to a decline in life span (14) . In 1980, Miquel et al. (15) formally proposed the mitochondrial theory of aging by arguing that oxygen radicals produced by mitochondria during respiration can exceed the cellular antioxidant defenses. A central tenet of the theory was that the mitochondrial respiratory chain generates superoxide production, which is converted to H 2 O 2 spontaneously or via SOD2. As determined from the amount of mitochondrial H 2 O 2 , mitochondrial ROS generation has been estimated to account for between 0.1 and 0.4% of the oxygen consumed by normally functioning mitochondria (16) . The respiratory complexes, including flavoproteins, ironsulfur clusters, and ubisemiquinone, are the major sources of ROS production in mitochondria (17) . The subsequent oxidation-derived modifications of DNA, lipids, and proteins were considered to contribute to the aging process (16) .
However, the FRTA was met with skepticism during Harman's time, and irrefutable evidence to support the theory is still lacking. An important approach to test the FRTA is the manipulation of SOD2. Complete deletion of SOD2 reduced the life span of Drosophila and increased neonatal mortality in mice (18, 19) . However, deletion of SOD2 has also been reported to increase autophagy in mouse embryonic fibroblasts (20) , which is in contrast to the finding that aging is associated with a reduction in autophagy and an increase in mammalian target of rapamycin (mTOR) (21) .
A more useful model may be the SOD2 +/2 mice because SOD2 activity is reduced by 50% in all tissues and the mice live to adulthood with clear evidence of increased oxidative damage to nuclear and mitochondrial DNA (mtDNA) (22) . Surprisingly, the SOD2 +/2 mice had no reduction in life span, even with telomere deficiency (23) . Furthermore, overexpression of SOD2 did not increase life span (24) . The deleterious role of mitochondrial ROS production as a cause of reduced life span has been challenged by findings in Heterocephalus glaber, the naked mole rat. This rat lives to a maximal life span of 28 years, yet has a low level of glutathione peroxidase and a high level of mtROS production (25) . The naked mole rat also has high rates of DNA, lipid, and protein oxidative damage (26) .
Recent studies have now provided compelling evidence against the view that mtROS production contributes to aging. Exposure of Caenorhabditis elegans to 2-deoxyglucose (DOG), an inhibitor of glycolysis, increased mtROS and increased life span (27). Further, coadministration of Nacetylcysteine with 2-DOG reduced ROS production and blocked the benefit in life span extension (27) . Network analysis of the transcriptomic changes with 2-DOG indicated that the mTOR pathway may play a key role (28) . Furthermore, stimulation of mitochondrial superoxide with menadione also enhanced life span, whereas overexpression of SOD2 reduced life span in yeast (29). These studies indicate, at least in worms and yeast, that increased mtROS is associated with an increased life span. Thus, debate continues whether mtROS production is indeed a driving force contributing to aging.
EXCESS MITOCHONDRIAL SUPEROXIDE AS A UNIFYING THEORY UNDERLYING DIABETES COMPLICATIONS
Mitochondria, NADPH oxidases, nitric oxide synthase (NOS), lipoxygenases, and xanthine oxidase are major sources of endogenous ROS (30) . During normal respiration, electrons are transferred through a series of oxidativereductive reactions using proteins as carriers for the electrons. According to the theory of excess mtROS production in diabetes, excess glucose uptake by susceptible cells would lead to an increase in pyruvate entry into the mitochondria and an increased flux of substrates (NADH and reduced flavin adenine dinucleotide [FADH 2 ]) to the electron transport chain (ETC) (9, 31) , resulting in hyperpolarization of the mitochondrial membrane and accumulation of electrons at complex III and coenzyme Q , which donate electrons to molecular oxygen and generate superoxide anions (31) . The implication that diabetes complications would directly result from ETC activity was straightforward and was consistent with the mitochondrial FRTA. Thus, the landmark publications indicating that mitochondrial production of superoxide was a unifying mechanism to regulate the major pathways of diabetes complications (polyol flux, protein kinase C, advanced glycosylation end product, hexosamine flux) were widely accepted (9, 10, 31) .
On the basis of the theory of excess mitochondria superoxide production and from initial studies in cultured aortic endothelial cells exposed to high glucose (9) , it would be expected that there would be 1) an increase in ETC activity, 2) hyperpolarization of the mitochondrial membrane gradient, 3) an increase in mitochondrial superoxide anion production, and 4) an increase in downstream markers of ROS activity with exposure to high glucose. Conclusion 4 is supported by convincing data indicating an increase in oxidative damage to DNA and proteins in cells and tissues exposed to high glucose. Markers such as 8-hydroxy-2-deoxyguanosine, 2-isoprostane, nitrotyrosine, and thiobarbituric acid reactive substances have been increased in numerous studies with experimental models of diabetes and in patients (32, 33) . Therefore, the footprints of oxidative stress support the concept that oxidant stress is indeed present in organs subject to inflammation and fibrosis, including kidneys, heart, and neuronal tissues. However, data regarding stimulation of ETC activity, hyperpolarization of the mitochondrial membrane gradient, and increased mitochondrial production of superoxide anion are less conclusive.
In rats with type 1 diabetes, mitochondrial ETC activity and mitochondrial superoxide are reduced in the dorsal root ganglion (DRG) (34). Mitochondrial superoxide, measured by fluorescent indicators and electron paramagnetic resonance, was not increased in the diabetic heart (35) . A similar pattern was found in the OVE26 diabetic mouse (36) . In support of the mitochondrial theory of excess superoxide production, hyperpolarization of the mitochondrial membrane potential and an increased ROS signal was reported from in vitro studies of peripheral mononuclear cells and arterioles from patients with diabetes (37). However, other studies have reported impaired hyperpolarization of the mitochondrial membrane potential in human islet tissue (38) or a depolarization of the mitochondrial membrane potential in sensory neurons from diabetic rats (34). A recent report found both reduced mitochondrial membrane potential and a reduction of the respiratory control ratio in diabetic sensory neurons (39) .
On the basis of the ETC-induced superoxide theory, it would be expected that uncoupling proteins (UCPs) would be beneficial to reduce the membrane gradient and reduce generation of superoxide. UCP1 is the prototypical UCP but is primarily present in brown adipose tissue and has low basal expression in kidney, neurons, and heart. UCP2 and UCP3 are homologous proteins and may have similar functions to reduce superoxide production. Some have argued that an increase of UCPs may be a compensatory response to hyperpolarization of the mitochondrial membrane. However, a recent study with small interfering RNA to reduce UCP2 in the diabetic kidney did not lead to worsening of kidney function, and reducing UCP2 improved podocyte function (40, 41) . A benefit of inhibiting UCP2 may be via activation of the adenine nucleotide transporter in the mitochondria to reduce the mitochondrial membrane potential (41); however, this hypothesis remains to be proven. Reduction of UCP2 has also been shown to improve insulin sensitivity and preserve islet cell insulin production (42) .
The measurement of superoxide directly would clarify whether there is increased mitochondrial superoxide production in response to high glucose levels. However, this is difficult to accomplish because superoxide has an extremely short half-life. Indeed, the initial studies reporting an increase in mitochondrial superoxide production measured H 2 O 2 in endothelial cells cultured in high glucose (9) . Although inhibitors of ETC reduced H 2 O 2 production and prevented stimulation of several pathways (protein kinase C, advanced glycosylation end product, hexosamine), whether the beneficial effects are due to the reduction in mitochondrial superoxide production and whether the data are relevant to the in vivo condition remains unclear. Using an in vivo measurement of superoxide (see below), we found a reduction of superoxide in the streptozotocin (STZ)-induced and Akitainduced diabetic mouse kidney, heart, and liver (43) . Additionally, stimulation of mitochondrial function was recently found to be renoprotective (44) .
Studies to support the concept of excess mitochondrial superoxide production have used genetic approaches to over express or inhibit SOD2. Indeed, upregulation of SOD2 or UCP1 reduced glucose-induced nuclear factor-kB and epigenetic effects in bovine aortic endothelial cells (45) , and a separate study reported that excess expression of SOD2 reduced diabetic kidney and heart diseases (46) . However, the SOD2 transgene led to an increase not only in mitochondrial SOD2 but also in cytosolic expression of SOD2 (46) . Thus, the benefit seen with transgenic SOD2 may not primarily be at the mitochondrial level but may be due to the reduction of cytosolic superoxide. Another approach would be to reduce SOD2. Surprisingly, the heterozygous SOD2-deficient mouse had no evidence of worsening diabetic kidney disease (43) .
The roles of other SODs have also been examined. A model of progressive diabetic kidney disease found a reduction of renal SOD1 and SOD3, but not SOD2 (47) . Deficiency of the intracellular SOD1 was found to exacerbate diabetic kidney disease in models of STZ (48) and Akita type 1 diabetes (49) . Interestingly, deficiency of the extracellular SOD3 was not associated with enhanced diabetes complications. It remains possible that deficiency of SOD1 may have cross talk with SOD2 or that SOD1 may directly regulate mitochondrial superoxide because low levels of SOD1 are present in the inner mitochondrial membrane (50) . Thus, it appears from these publications that increased cytosolic superoxide and other ROS moieties may play a more prominent role than mitochondrial superoxide in contributing to diabetic kidney disease.
Compounds such as mitoQ10, mitoTEMPOL, and mitoE use the cation triphenylphosphonium (TPP + ) linked to Q10, TEMPOL, or vitamin E to enhance mitochondrial uptake and have been used to determine if mitochondrial superoxide production contributes to pathological outcomes (51) . Several studies indicate that these compounds provide benefit with respect to reduced inflammation and fibrosis markers in kidney, heart, and vascular cells (51) . However, a recent report identified that the linker compound TPP + by itself has mitochondrial toxicity independent of an antioxidant effect (52) . In addition, the concentrations used to enhance mitochondrial uptake are 10-to 1003-fold excess of what is commonly used with in vivo administration. Thus, the effects of mitoQ10, mitoTEMPOL, and mitoE in vivo may be due to an antioxidant effect outside the mitochondria rather than to mitochondrial-specific antioxidant effects (52) .
Nonmitochondrial sources of high glucose-induced cytosolic ROS include the isoforms of NADPH oxidase (Nox) and uncoupled endothelial NOS (eNOS) (53, 54) . Several studies using nonspecific inhibitors of Nox (55) or more specific inhibitors of Nox1 and Nox4 have found beneficial effects in protecting against diabetic kidney and vascular disease (56) . The Nox2-deficient mouse does not appear to contribute to diabetic kidney disease (57); however, there are convincing data to support a role for Nox4 in diabetic kidney disease (58) . Nox isoforms may also play a critical role in regulating insulin resistance and inflammation (59). Interestingly, Nox4 may also be localized to mitochondria and may primarily produce H 2 O 2 (60). The role of H 2 O 2 as a source of oxidant stress in diabetes and its complications is supported by studies demonstrating a protective benefit of overproduction of cytosolic or mitochondrial catalase (61, 62) . In future studies, the timing of mitochondrial ROS generation with intracellular spatial differentiation of specific ROS species in different tissues and models of diabetes will be necessary to clarify the time course and role of mitochondrial dysfunction as a producer or target of ROS.
THERAPEUTIC IMPLICATIONS OF REDUCING MITOCHONDRIAL SUPEROXIDE ANION PRODUCTION
The causal role of mitochondrial superoxide production for human diabetes complications will ultimately require well-designed randomized phase III clinical trials with interventions that specifically target mitochondrial superoxide anion production. To date, studies with antioxidants, such as vitamin E, b-carotene, and vitamin A, have not demonstrated a clear benefit to reduce diabetic cardiovascular complications (11, 63) . MitoQ10 has been shown to provide beneficial effects in hypertension (51); however, mitoQ10 may work either as a pro-or antioxidant in intact cells (64) and may regulate mitochondrial calcium levels independently of its antioxidant activity (65) .
Recently, there was much excitement regarding the nuclear regulatory factor 2 (Nrf2) activator, bardoxolone (66). Because Nrf2 is a potent stimulator of oxidant scavenging systems (SOD, glutathione peroxidase, catalase), the phase II data indicating bardoxolone may improve renal function lent credence to the oxidant stress hypothesis for diabetes complications (66). However, the phase III study was prematurely stopped due to congestive heart failure and excess mortality (12) . Renal parameters were inconclusive because the patients receiving the active drug showed a decrease in serum creatinine but an increase in albuminuria and blood pressure. Therefore, a reasonable conclusion from the available clinical data is that a beneficial role of nonspecific antioxidants for diabetes complications has not been established and that the role of mitochondrial superoxide as the driving force of diabetes complications should be reevaluated.
NEW EVIDENCE TO PROVIDE NOVEL PERSPECTIVES ON ROS AND DIABETES COMPLICATIONS
Is there an alternative view regarding mitochondrial superoxide production that is consistent with recent data regarding mitochondrial function in animal models of diabetes complications? New insights could be achieved with measures of superoxide production in real time and in vivo. Such an approach has recently been reported (67) . Dihydroethidium (DHE), or hydroethidine, is able to react with superoxide anion specifically and show discrete differences in its excitation wavelength when exposed to superoxide anion but not when exposed to H 2 O 2 or peroxynitrite (68) . DHE enters cells rapidly and can irreversibly bind superoxide anion and remain stable as the oxidized moiety. An important caveat is that ex vivo interpretation of DHE is fraught with difficulty, primarily due to rapid autooxidation in ambient oxygen. However, when DHE is prepared under low oxygen conditions and quickly given in vivo, the lower internal oxygen milieu allows DHE to enter cells in the nonoxidized state (67) . The major oxidation products of DHE are likely ethidium or 2-hydroxyethidium. In vitro studies have shown 2-hydroxyethidium is the major oxidation product (69); however, the predominant oxidation product in vivo appears to be ethidium, as demonstrated by fluorescence lifetime measurements (67) . The specificity of DHE to measure superoxide production in vivo was demonstrated as the DHE oxidation product was increased in the tissues of the SOD2-deficient mice and reduced with SOD mimetics (67) .
We recently adapted the in vivo DHE method to study basal superoxide production in various organs under control conditions and with type 1 diabetes (43). Surprisingly, the results showed the opposite of the predicted theory. There was a high basal level of superoxide production in the normal mouse kidney, heart, and liver and a reduction in all three organs with diabetes (43) . This was found with STZ-induced diabetes as well as in the Akita diabetic mouse (43) . Because the in vivo oxidation product of DHE remains controversial, a similar reduction was also observed in isolated mitochondria from diabetic kidney in measurements using two different approaches: superoxide measurements using electron paramagnetic resonance and H 2 O 2 measurements using Amplex Red (43) . Thus, multiple in vivo and ex vivo approaches did not show evidence of enhanced mitochondrial superoxide production in the diabetic kidney.
Studies in the SOD2 +/2 mouse demonstrated a high level of renal DHE fluorescence with SOD2 deficiency, indicating increased superoxide production. However, the increased superoxide production was not associated with increased renal disease under basal conditions or with diabetes (44) . A study evaluating diabetic neuropathy did not find evidence of enhanced neuropathy in the SOD2 +/2 mouse with type 1 diabetes, although there was an increase in a type 2 model (70) .
The surprising result of reduced superoxide production in the diabetic kidney led us to evaluate the function of pyruvate dehydrogenase (PDH) complex and mitochondrial ETC activity with diabetes. PDH phosphorylation is known to inhibit pyruvate uptake into mitochondria, and increased PDH phosphorylation was found in the diabetic kidney (43) . Similar results have been reported in diabetic heart tissue (71) . Activity of complexes I, III, and IV was reduced in the diabetic kidney (43) . Reduced ETC activity was also found in skeletal muscle of patients with type 2 diabetes (72) and in an animal model of diabetic cardiomyopathy (73). As noted above, diabetic DRG was recently found to have reduced mtROS generation and reduced ETC activity (34), and studies in Schwann cells have demonstrated alterations in mitochondrial respiration with high glucose but no change in superoxide production (74) .
In addition to reduced superoxide production, we found an overall reduction of renal mitochondrial content and PGC1a (43) . PGC1a is a transcriptional coactivator that drives the nuclear transcription of several genes involved in mitochondrial biogenesis, including Nrfs 1 and 2, peroxisome proliferator-activated receptors, estrogenrelated receptors, mitochondrial protein ATP synthetase (b-subunit), and COX (cytochrome c oxidase) subunits (COX II and COX IV) (75) . PGC1a-induced stimulation of Nrf1 and Nrf2 promotes the expression of mitochondrial transcription factor A, which drives transcription and replication of mtDNA (75) . Thus, there is evidence not only of reduced mitochondrial function with diabetes but also that overall mitochondrial content and biogenesis are reduced in the diabetic kidney. We also recently found evidence of reduced mitochondrial content, function, and PGC1a mRNA levels in human diabetic kidney disease (76) . Importantly, several studies have found a reduction in PGC1a and reduced mitochondrial biogenesis in islets and human skeletal muscle in patients with diabetes (77, 78) . Mitochondrial content and PGC1a were also reduced in DRG of STZ-induced type 1 diabetes, and features of neuropathy were exacerbated in PGC1a-deficient diabetic mice (79) . A similar reduction in mitochondrial function, content, and PGC1a was also found in the DRG of db/db mice (80).
Whether the reduction in mitochondrial function and content was contributing to diabetes-induced organ dysfunction was addressed by stimulating mitochondrial biogenesis by activating the master energy sensor AMPK. This heterotrimeric enzyme is phosphorylated on its catalytic subunit, a1 (81), and activated in response to reduced energy supply. Activation of AMPK reduces protein synthesis, enhances glucose uptake, and stimulates mitochondrial biogenesis via stimulation of PGC1a. Reduction of AMPK activation would be expected in caloric excess states, such as diabetes and high-fat feeding, and such a reduction has been found in the kidney with type 1 diabetes (43) and with a high-fat diet (82, 83) . Stimulation of AMPK activation led to an increase in PDH and ETC activity, PGC1a, mitochondrial content, and stimulation of superoxide production in the diabetic kidney. Importantly, with increased mitochondrial function and superoxide production, there was an associated improvement in albuminuria, urine H 2 O 2 , mesangial matrix expansion, and a reduction of profibrotic factors (i.e., transforming growth factor-b). Similar benefits with AMPK activators, including resveratrol, have been demonstrated in different animal models of diabetic kidney disease (43, 84, 85) . Studies in the STZ-diabetic rat model and the db/db mouse have also demonstrated a similar pattern of reduced AMPK activity in diabetic DRG neurons and improvement of mitochondrial function with AMPK agonists (86) . Thus stimulation of mitochondrial function and superoxide production is associated with an improvement in diabetic kidney and nerve disease.
Several relevant studies have been reported with the diabetic retina and heart. A prior study found no increase in the tricarboxylic acid cycle (TCA) cycle or NADH production in the diabetic retina, and exposure to high glucose led to an increase in glycolytic flux but not TCA cycle activity (87) . In the normal heart, there is a balance between fatty acid and glucose oxidation; however, in the diabetic heart, there is reduced glucose oxidation and a relative increase in fatty acid oxidation (88) . AMPK activation (with metformin) has been found to benefit heart function in a model of diabetic cardiomyopathy in the OVE26 mouse model (89) , and berberine, another AMPK activator, reduced myocardial ischemic-reperfusion injury in diabetic rats (90) . Furthermore, mitochondrial biogenesis and AMPK activity were reduced in the diabetic ob/ob heart, and adiponectin treatment stimulated AMPK, PGC1a, and mitochondrial biogenesis with associated reduced susceptibility to myocardial injury after infarction (91) . Excess mitochondrial biogenesis may not always be beneficial, however, because overexpression of PGC1a in muscle did not uniformly protect against the development of insulin resistance (92), and overexpression of PGC1a in endothelial cells resulted in aberrant reendothelialization and blunted wound healing (93) .
NEW THEORY OF MITOCHONDRIAL HORMESIS AS A CENTRAL PLAYER IN DIABETES COMPLICATIONS
The concept that increased production of mitochondrial superoxide can be beneficial has been termed mitochondrial hormesis. Mitochondrial hormesis was initially used to describe the beneficial acute increase in mitochondrial respiration when cells are exposed to toxins such as heavy metals (94) . A beneficial role of mitochondrial superoxide may be linked to improved endothelial function because 2-DOG was found to stimulate AMPK and phosphorylate eNOS via stimulation of ROS (95) . Exercise has been shown to stimulate muscle ROS production, and a study in humans found that exercise increased adiponectin levels and insulin sensitivity; however, pretreatment with antioxidants (vitamin C and vitamin E) led to a loss of the protective benefits of exercise (96) .
In the context of a chronic insult, such as hyperglycemia, mitochondrial hormesis places the finding of reduced mitochondrial superoxide in target organs of diabetes in a new context (Fig. 1) . A well-functioning mitochondria would have robust ETC activity while generating physiologic levels of superoxide. Under normal conditions, the mammalian organism is intermittently exposed to low or normal levels of blood glucose necessitating efficient use of glucose to generate sufficient ATP production to meet the demands of differentiated cells. However, when presented with an excess of glucose, there would not be any evolutionary benefit to produce excess ATP and the excess production of ATP may even be harmful. Therefore, inhibition of mitochondrial ETC activity and ATP production in response to excess glucose would be physiologically inappropriate. The reduced ETC activity would consequently have less mitochondrial superoxide generation. Although, reduced mitochondrial ETC activity would be adaptive in the short-term, the state of diabetes is unusual in evolutionary terms, and a persistent reduction of mitochondrial function and suppression of biogenesis could ultimately be detrimental to differentiated organ function and be linked with inflammation. Viewed in this light, the concept of mitochondrial hormesis is highly intuitive. Approaches to restore mitochondrial balance and stimulate ETC activity will be associated with increased mitochondrial superoxide production to "normal levels" and allow the cell to restore its normal differentiated function and promote organ healing.
THERAPEUTIC STRATEGIES
Diabetes complications, including kidney disease, are the most important concerns once a patient is diagnosed with diabetes. Along with existing approaches to improve glycemic levels and reduce blood pressure and cholesterol levels, additional benefits may arise from approaches to restore mitochondrial function, oxidative phosphorylation activity, and possibly, increase mitochondrial superoxide production. Restoring mitochondrial function could be attained by caloric reduction (episodic fasting) and exercise, which have been shown to increase life span and reduce organ inflammation and fibrosis (97) . Exercise regimens can improve kidney histology and lower albuminuria in the absence of weight loss and improvement in blood glucose in mice (98) , and a lifestyle change with exercise has been consistently shown to be of benefit across a variety of human chronic diseases (99) . One plausible mechanism, among others, is the stimulation of mitochondrial biogenesis and mitochondrial activity with exercise. As noted, muscle has a beneficial increase in oxidant production with exercise (96) . However, in the Look AHEAD (Action for Health in Diabetes) trial, patients with diabetes who underwent weight reduction and increased exercise had improvements in glycemic control and less dependence on medications to lower cholesterol but did not have a significant reduction in cardiovascular events (100).
Figure 1-New evidence-based hypothesis implicating reduced superoxides in diabetes complications. The conventional wisdom views that with excess intracellular glucose exposure there is a consequent increase in pyruvate-mediated stimulation of the TCA cycle leading to increased production of electron donors to drive the ETC and generate superoxide. However, based on new in vivo data from the diabetic kidney and nerve, a counterview suggests that excess intracellular glucose enhances PDH phosphorylation to block pyruvate uptake into mitochondria, which results in reduced activity of the ETC and limits mitochondrial ATP production. The reduced ETC activity will result in less superoxide production-rather than more-in diabetic organs in vivo. Increased glycolytic flux may also be a feature in target organs of diabetes complications.
Caloric restriction and exercise confer their protective effects, at least in part, via stimulation of AMPK. AMPK reduction has now been found in several models of diabetic kidney disease in mice (43, 84) , rats (101) , and recently, in human diabetic nephropathy (43) . AMPK reduction has also been found in the heart, nerve, and retina of animal models with diabetes (86, 91, (102) (103) (104) . A potential endogenous ligand to stimulate AMPK is adiponectin. Adiponectin has consistently been found to be reduced in patients with obesity, insulin resistance, and low-grade albuminuria (105) . In mice, a high-fat diet leads to an initial reduction of adiponectin (within 1 week), but chronic high-fat feeding is associated with restored adiponectin levels despite a persistent reduction in AMPK activity in the kidney (82) . Interestingly, drugs that have proven clinical benefit for diabetes and its complications have been found to stimulate AMPK. These include metformin (106) , angiotensin II receptor blockers (107) , and aspirin (108) . Other newer drugs have potent AMPK activity and may also be beneficial for diabetes complications (109) .
Pathways that may be downstream of AMPK and also regulate mitochondrial biogenesis are the sirtuins and mTOR inhibitors. Sirt1 and Sirt3 are NAD(+)-dependent deacetylases that have been shown to contribute to the benefit of caloric restriction with aging and angiotensin II inhibition (110) . Sirt1 activation can reduce inflammation and fibrosis, and its benefits have been attributed to reducing H 2 O 2 -induced p53 acetylation (111) . Sirt1 has potent deacetylase activity on PGC1a (112) and may contribute to mitochondrial biogenesis and restoration of mitochondrial function (113) . Of possible interest in this regard are certain small peptides that prevent a fall in renal PGC1a and improve mitochondrial and renal function and structure under conditions of renal injury (114) . Stimulation of mitochondrial biogenesis via upregulation of tubular PGC1a has a protective effect and reduces renal fibrosis in response to nephrotoxins (44) . An increase in mTOR is a consistent finding in diabetic glomerular complications, and inhibition of mTOR leads to beneficial responses, possibly by stimulating mitochondrial biogenesis (115) . Interestingly, a recent study found that Nox4 stimulates mTOR and inhibition of Nox4-mTOR activity may underlie its beneficial effect (116) . Resveratrol has been found to reduce diabetes complications in db/db mice (85, 117) , likely via stimulation of AMPK, Sirt, and PGC1a. Improving mitochondrial biogenesis and function may not necessarily imply that mitochondrial ETC activity and mitochondrial superoxide production will be increased; however, it is reassuring that in states where mitochondrial biogenesis has been associated with a physiologic increase in mitochondrial ROS production (25, 26, 28, 29, 34, 43, 96, 98) , there do not appear to be any negative consequences.
CONCLUDING REMARKS
With the continued rise in diabetes and diabetes complications, a critical review of our accepted theoretical dogmas are required to develop new breakthroughs. Excess production of mitochondrial superoxide as a unifying theory to underlie diabetic renal complications has been widely accepted but should be questioned as new data that are in conflict with many of the fundamental tenets for this concept continue to emerge. A contrasting view that incorporates mitochondrial hormesis is supported by recent data linking reduction of AMPK, sirtuins, and PGC1a pathways and increased mTOR with reduced mitochondrial ROS, biogenesis, and progression of disease. Stimulation of mitochondrial biogenesis and physiological mitochondrial superoxide production via pharmacologic and lifestyle changes suggests numerous therapeutic choices that may be pursued in future studies. The reduction of mitochondrial superoxide may contribute to deleterious pathways, such as chronically reduced AMPK and eNOS activity, or may be solely an indicator of reduced mitochondrial ETC activity. Thus far, a beneficial role of mitochondrial superoxide production has not yet been established in diabetes complications. However, this new concept should also be questioned and critically assessed with existing and new tools. Novel methods of measuring specific ROS moieties and mitochondrial function in intact cells and tissues will give new insights relevant to understanding mitochondrial function in their intact cytoarchitectural configuration. New methods to image real-time longitudinal measurements of key aspects of mitochondrial and cellular function in relevant animal models and in the human condition, coupled with omics analysis, are expected to provide some fundamental truths regarding diabetes and its complications.
